Trapped, laser-cooled ions produce intense fluorescence. Detecting this fluorescence enables efficient measurement of quantum state of qubits based on trapped atoms. It is desirable to collect a large fraction of the photons to make the detection faster and more reliable. Additionally, efficient fluorescence collection can improve speed and fidelity of remote ion entanglement and quantum gates. Here we show a novel ion trap design that incorporates metallic spherical mirror as the integral part of the trap itself, being its RF electrode. The mirror geometry enables up to 35% solid angle collection of trapped ion fluorescence; we measure a 25% effective solid angle, likely limited by imperfections of the mirror surface. We also study properties of the images of single ions formed by the mirror and apply aberration correction. Owing to the simplicity of its design, this trap structure can be adapted for micro-fabrication and integration into more complex trap architectures.
using a 791 nm ECDL laser and a 337 nm Nitrogen gas laser [30] , both aligned perpendicular to the Ba atomic beam. A two-stage long working distance microscope is setup along the optical axis and a 50/50 beam splitter is used to both image the ions using an Andor iXon electron-multiplied charge coupled device (EMCCD) camera and to count photons using a Hamamatsu photomultiplier tube (PMT). The sharp needle tip, illuminated by the focused laser light, is used as a reference point to align and focus the optical system.
The ions are trapped at a distance of 0.541 mm from the needle tip, consistent with our simulation prediction of 0.55 mm. At the background pressure of 3 × 10 −11 torr, for a single 138 Ba + ion, we observed >30 minutes dark lifetime and >48 hours lifetime with laser cooling. We also loaded and laser-cooled various 2-dimensional ion crystals, as shown in Fig. 3 . The 2-dimensional nature of these crystals is easily understood based on the strength and the symmetry of the trapping potential. This trap is in a way complimentary to the more typical linear RF ion trap, where the axial direction is the weakest, and elongated ion crystals are formed. The "pancake" crystals formed in the tack trap were stably trapped for many hours. While micromotion cannot be nulled for the ions located off center in these crystals, this trap design may be potentially used as a platform for quantum simulations with trapped ions [31] . By adjusting the needle electrode position, ions can be moved over a fairly large distance (> 1.5 mm), covering the entire range from the mirror focus to its curvature center. We measured the position of the trapped ion relative to the reading on the micrometer translating the needle, and found a nearly linear dependence, which only starts to deviate from the straight line at the largest needle extensions. The needle can be reliably moved over the entire range without ion loss. To further characterize the trap, we measured the trap's secular frequency by sending in a 10 V amplitude oscillating voltage to one of the compensation electrodes and scanning its frequency from 100 kHz to 4 MHz. The dips in ion fluorescence correspond to the radial and the axial frequencies, which were found to be about 200 kHz and 420 kHz, respectively. A closer look at the radial frequency reveals small non-degeneracy in the radial direction, which is probably due to slight misalignment between the needle and the main optical axis.
Our mirror electrode covers approximately 38.6% of the solid angle around its focal point, which is defined to be exactly halfway between the vertex of the mirror and its curvature center. But for such a high focal ratio system, the huge spherical aberration make the definition of the focal point rather useless. Additionally, due to the small size and high curvature of the mirror, the light reflected from it can not be compensated with a Schmidt-like corrector that we used in our earlier designs [26] , since the rays reflected from different points in the mirror will have intersected by the time they reach the outside of the vacuum chamber. Therefore, we designed a different type of aspheric lens, such that it collimates the light from the ion while compensating its spherical aberration. The setup is shown schematically in Fig. 4(a) , and the expected diffraction-limited image point spread function in Fig. 4(b) . For best compensation results, instead of being at the focus of the mirror, the ion is moved 0.25 mm further away from the mirror. We numerically calculate the shape of the corrector using algorithm similar to to that described in [26] and arrive at a high order nonlinear curve.
To test the effectiveness of this compensation scheme, we machine the aspheric lens prototypes out of clear acrylic. The obvious improvement of the image quality can be seen in Fig. 5 . Here, in Fig 5(a) , an uncompensated image of an ion crystal is shown, with the bright dots in the center formed by the paraxial rays from the mirror, while much of the light is lost into the large, diffuse rings. In Fig. 5(b) , a single ion image with the compensation scheme is shown. Although the aberration is greatly reduced, it is obviously not fully compensated with our current device. This is largely because both the spherical mirror and the aspherical lens are far from perfect. Notably, a direct measurement of the mirror surface with a measuring microscope (OGP SmartScope) shows that its radius of curvature is at least ∼ 10% larger than its nominal value; the surface is not a true sphere either. The precise control and measurement of the plastic home-made corrector surface is even more difficult. Taking these factors into account, we believe that our compensation scheme performs exceptionally well, and we clearly demonstrate the proof-of-principle. Geometrically, this spherical mirror covers about 35% of the solid angle from the ion placed 0.25 mm away from the focus. To calibrate the mirror's efficiency for light collection, we use single photon generated by repeated shelving and deshelving of the single ion, using the scheme described in [26] . In the test we counted 9957 ± 611 photons per 1,000,000 excitations of the ion, corresponding to 1% overall photon collection and detection efficiency. After factoring out the quantum efficiency of the PMT, and the transmissive and reflective losses of all optical elements, we arrive at approximately 24% of the entire 4π solid angle to be subtended by the mirror, which is equivalent to about 3.0 sr, or a numerical aperture of 0.85. There are several possible reasons for the reduced efficiency, including the non-uniform spatial distribution of the ion dipole radiation pattern, and the degradation of the unprotected aluminum surface of the mirror during the baking of the vacuum system [32] .
Our trap design can be readily applied to other shapes of reflectors, such as parabolic or elliptical mirrors. Parabolic mirrors can in theory reach solid angle close to 100% [21] and produce diffraction-limited, collimated light from an ion located in the focus of the mirror. A proposal exists to combine such a mirror with the stylus trap designed by FIG. 5 . Demonstration of the effectiveness of the optical compensation scheme. An ion crystal image without correction (a), with large rings due to spherical aberration, where ∼90% of the light from the ions is dispersed. A single ion image formed by the mirror-corrector system (b), and the profile of the image (c). The full width at half maximum of the peak is less than 100µm, which is a significant improvement, but still far from diffraction limit (1.15 µm for this setup). the NIST group [22] . We believe that a simpler design similar to that described here may be more practical. It does not require micro fabrication and, with a mirror surface being the RF electrode, the tack trap can sustain higher RF voltages than the stylus trap, thus improving the trapping depth.
Elliptical mirrors are also interesting, since they can produce, in one of their foci, diffraction-limited image of a point source located in the other focus. Thus, ions placed in one focus point can be directly imaged into a single mode optical fiber located at the other focus point without additional optics. For free space optics, elliptical mirrors can be used as a numerical aperture converter by reducing a large-NA at one focus into a smaller-NA one at the other; the successive imaging can then be done with a low-NA microscopy setup. Additionally, elliptical mirrors appear to be suitable for microfabrication and integration into state-of-the-art chip-scale ion traps, as discussed below.
An important criterion of an ion trap design, especially in quantum information applications, is its feasibility for scaling -both down in size and up in number. The simplicity of the tack trap permits large scale fabrication and integration with the microfabricated planar traps and trap arrays. One challenge here is to fabricate the highly curved surface controllably. There are efforts currently under way to integrate curved mirrors into a planar ion traps using more traditional methods [33, 34] , but it is challenging to produce a large focal ratio optical surface while controlling its exact shape. We propose a self-assembly molding procedure, with which a full control of the shape and quality of optical surface is possible [35, 36] .
Micron-scale spherical or ellipsoid beads with optical quality surface are available from either commercial sources, or by in-situ lab fabrication (e.g. by melting glass fiber into a microsphere with laser blasting [37] ). With single point diamond turning technology, the mold or even the surface itself can be directly machined with ultra high precision [38] . The concave reflector surface can then be fabricated by electroplating high-reflectivity metal, such as aluminum or gold, with the bead serving as a mold. The possible fabrication steps are outlined in Fig. 6 . After the substrate is prepared with series of conducting and insulating layers, a guiding structure is etched to ensure alignment of the electroplated mirror with the other parts of the trap. Then the substrate is patterned with a thin conductive layer for electroplating. When the beads and the substrate are put together (typically inside some liquid), the beads will fall into the guides due to gravity, thus finishing the self-assembly. During the electroplating, the metal fills the gap between the bead and substrate (Fig. 6(d)) . The beads can then be removed by chemical dissolution that would keep the metal surface intact. The finished metal surfaces will have the exact shape and smoothness of the molds. The fabrication of the needle electrode can be adapted to different trap scales. For example, for a trap with the characteristic structure size of 100µm or above, the needle can be fabricated separately by the deep-reactive ion etching (DRIE) process [39] and precisely aligned and bound to the mirror substrate. For smaller trap sizes, the needle can be eliminated altogether by dividing the mirror surface into different segments acting as the RF and the ground electrodes, as shown in Fig. 6(g) and (h) .
In summary, we present a novel ion trap design for efficient fluorescence collection from trapped ions. We achieve an effective numerical aperture of 0.85, which, to our knowledge, is by far the largest solid angle for the ion traps.
